We performed three sets of experiments to determine whether cloned DNA fragments can be substituted for homologous regions of the Aspergillus nidulans genome by DNA-mediated transformation. (i) A linear DNA fragment containing a heteromorphic trpC+ allele was used to transform a trpC-strain to tipC'. Blot analysis of DNA from the transformants showed that the heteromorphic allele had replaced the trpCq allele in a minority of the strains. (ii) An A. nidulans tipC' gene was inserted into the argB+ gene, and a linear DNA fragment containing the resultant null argB allele was used to transform a trpC-argB+ strain to tipC'.
The original demonstration of DNA-mediated transformation of the unicellular yeast Saccharomyces cerevisiae (13) was followed rapidly by the construction of numerous transformation vectors with different properties and the development of a variety of experimental strategies that now make it possible to manipulate the yeast genome with great precision (reviewed in references 7, 20, and 29) . The availability of this technology has resulted in many important discoveries about the molecular and genetic mechanisms regulating the activities of eucaryotic cells.
One of the most prominent and important properties of the yeast transformation system is that cloned DNA sequences can be introduced into chromosomes by homologous recombination (13, 22) . This property allowed the development of one-step (24) and two-step (25) procedures for precise replacement of chromosomal regions with DNA sequences that have been altered in vitro by using recombinant DNA methods. These techniques make it possible to examine the biochemical and biological consequences of introducing a specific, preselected mutation into the genome of an otherwise unaltered cell. By contrast, similar procedures have not yet proven to be practical with animal or plant cells or with other primitive eucaryotes, such as the fungus Neurospora crassa or the cellular slime mold Dictyostelium discoideum (2, 9, 14, 17, 18, 27, 28, 39) . Thus, it has not been possible to use the powerful experimental approaches afforded by the yeast gene replacement technology to answer questions about biological phenomena in multicellular organisms.
Procedures have recently been developed for integrative transformation of the filamentous fungus Aspergillus nidulans, a relative of S. cerevisiae and N. crassa. Transformation of A. nidulans has been demonstrated by using plasmids containing the N. crassa pyr4 gene (1), the A. nidulans amdS gene (15, 32) , and the A. nidulans trpC and argB genes (37) . It has been shown that genomic integration of transforming DNA sequences derived from A. nidulans often occurs by homologous recombination (32, 37) . Trans-* Corresponding author.
formation may cause no detectable changes in genomic structure or may result in chromosomal integration of one or more complete or partial copies of the transforming plasmid. Transformants containing tandem copies of the gene used for selection typically show meiotic instability when self-fertilized, yielding >1% auxotrophic ascospores. Preliminary characterization of several auxotrophic segregants obtained by self-fertilization of transformants containing multiple plasmid copies indicated that they had lost most or all of the plasmid DNA of bacterial origin (unpublished data).
The similarity of these results to those obtained in S. cerevisiae transformation studies led us to investigate the possibility that gene replacement techniques similar to those that have been developed for S. cerevisiae might be applicable to A. nidulans. In this paper we present evidence that Aspergillus genes can be precisely replaced with mutant alleles made in vitro by using either a one-or two-step procedure. The techniques are rapid, flexible, and reasonably reliable. They can be used in conjunction with a wide variety of genes and transformation vectors, because certain biological characteristics of A. nidulans facilitate isolation of strains with desired genotypes. The availability of these techniques should make it possible to investigate the processes controlling gene expression during development and cell differentiation in this multicellular eucaryote (33, 35) by using approaches analogous to those that have been applied to problems in yeast molecular and cellular biology.
MATERIALS AND METHODS
Bacterial and fungal strains. Plasmids were propagated in Escherichia coli K-12 strain HB101 (8) (4, 5) . The position and polarity of the gene in the original cloned DNA frgment was determined by S1 nuclease mapping (3) according to the procedure of Yelton et al. (38) . The A. nidulans SpoCl Cl-C gene was isolated by Zimmermann et al. (40) and characterized by Timberlake and Barnard (34) and Gwynne et al. (12a) . Aspergillus DNA was prepared by using the rapid isolation procedure of Yelton et al. (37) . Linear DNA fragments were isolated from agarose gels according to the procedure of Tautz and Renz (31) . Partially depurinated DNA (36) (10, 23) were employed. Growth media were prepared as described by Kafer (16) .
Transformation of A. nidulans. A. nidulans protoplasts were prepared, transformed, and regenerated according to the procedures of Yelton et al. (37) . Transformants were purified by multiple platings of conidia for single colonies until stable strains were obtained, as evidenced by the formation of uniform (nonsectoring) colonies.
RESULTS
Segments of the S. cerevisiae genome can be replaced by transforming cells with linear DNA fragments having homology with the target chromosomal region and containing genes that allow selection of transformants (25) . We tested the feasibility of using this approach with A. nidulans by conducting two sets of experiments. In the first, a 4.2-kilobase (kb) XhoI fragment, containing a complete copy of the A. nidulans trpC gene ( Fig. 1 ) from which a unique BamHI site had been removed by in vitro mutagenesis (trpCAB), was isolated from an agarose gel. Approximately 1 ,ug of DNA was used to transform protoplasts from strain FGSC 237 (pabaAl yA2; trpC801) by using standard procedures (37) . Preliminary tests showed that the trpCAB allele was functional and that the trpC801 allele contained a unique BamHI site in the same position as in the wild-type gene. Replacement of the null trpC801 allele with the trpCAB allele by a double crossover or gene conversion event was therefore expected to produce a tryptophan-prototrophic strain containing a single 4.2-kb trpC XhoI fragment that could not be cleaved with BamHI. Transformation efficiencies with the gel-isolated fragment were similar to those obtained with covalently closed circular plasmid DNA (37) .
DNA was isolated from 16 In the second set of experiments, we attempted to disrupt the argB+ gene by transformation with linear DNA fragments. Two plasmids were constructed as follows. A pBR329-based plasmid containing the Aspergillus argB+ gene within a 6.2-kb BamHI fragment (pMT201; Fig. 1 ) was digested with BglII, which cuts once within the argB coding region, and treated with Si nuclease. The DNA was ligated in the presence of synthetic XhoI octamers to yield plasmid pMT201.1. This plasmid was digested with XhoI, and the 4.2-kb XhoI-trpCAB fragment (Fig. 1 ) was inserted to yield plasmids pAIT1 and pAIT2 (Fig. 3) , containing the argB gene disrupted by a functional trpC gene in either orientation [argB(trpCAB)]. The plasmids were digested with BamHI plus NruI, and the 8.3-kb linear DNA fragments were isolated and used to transform A. nidulans FGSC 237 to tryptophan prototrophy. Protoplasts were plated on minimal medium supplemented with p-aminobenzoic acid and Larginine. The resultant transformants were of two types; ca. 70% produced numerous conidiophores and conidia, equivalent to the recipient strain, whereas ca. 30% produced very few conidiophores or conidia. In A. nidulans, mutations in genes involved in amino acid biosynthesis frequently cause the secondary phenotype of weak conidiation, even when the mutant strains are grown on complete or suboptimally supplemented minimal medium (26, 38) . Figure 4 shows that all of the weakly conidiating strains in a random sample of transformants from this experiment were arginine dependent, whereas all of the normally conidiating strains were arginine independent.
DNA was isolated from four randomly selected, argininedependent strains produced by transformation with plasmid pAIT1 or pAIT2, digested with XbaI or BgIII, and fractionated by agarose gel electrophoresis, and gel blots were hybridized with a 3.2-kb XbaI fragment containing the entire argB gene (Fig. 1) . Replacement of the argB+ chromosomal region with the argB(trpCAB) allele was expected to yield novel XbaI and BglII fragments (Fig. 5) . Many of the arginine-dependent transformants (four of four for the AIT1 class; two of four for the AIT2 class), represented by strains TAIT1-2 and TAIT2-3 in Fig. 6 , yielded the expected hybridization patterns. DNA from two of the transformants produced more complex hybridization patterns that were not readily interpretable, but indicated that the strains had suffered chromosomal rearrangements or deletions in the argB region (data not shown). The integration events giving rise to these transformants were not investigated further.
In addition to the one-step procedure, gene replacements can be accomplished in S. cerevisiae by using a two-step procedure (26) in which cells are transformed with a plasmid containing a modified genomic DNA sequence and a gene for selection of transformants. Chromosomal integration of the plasmid by homologous recombination at the target region gives rise to a tandem duplication of the region, separated by plasmid DNA and the selective marker. Resolution of the duplication by intrachromosome recombination results in removal of plasmid DNA, the selective marker, and one or the other copies of the target region.
We tested the feasibility of using this approach with A. nidulans as follows. A plasmid was constructed by ligating a 3.0-kb EcoRI-BamHI fragment containing the entire Aspergillus SpoCi Cl-C gene (12a, 34; Fig. 7A ) with EcoRI plus BamHI-digested pBR322 DNA. A 0.9-kb HindIII fragment was removed from the Cl-C-coding region by HindIII digestion and religation. The 4.2-kb A. nidulans XhoI fragment containing the trpC+ gene ( Fig. 1) was then ligated into a Sall site to produce plasmid pClCA&305 (Fig. 7B) Blot analysis of DNA from trpCAB transformants. DNA was isolated from the recipient strain (FGSC 237) and from tryptophan-independent strains obtained by treating protoplasts with linear DNA containing the trpCAB allele ( Fig. 1) and digested with either XhoI (X) or XhoI plus BamHI (X + B). Samples were fractionated in 0.8% agarose gels, and gel blots were hybridized with 32P-labeled trpC DNA. The sizes of molecular mass standards (HindIII fragments of bacteriophage X) are given in kb.
nidulans FGSC 237 was transformed to tryptophan prototrophy by using covalently closed circular pClCA305 DNA. Figure 8 illustrates one outcome of integration of this plasmid at the SpoCl chromosomal region by homologous recombination. We isolated DNA from 32 transformants and determined that several strains had restriction patterns consistent with this type of integration event. One such strain (TClCA305-9) was colony purified and allowed to selffertilize (A nidulans is homothallic), and ascospores were isolated and spread onto complete medium that had not been supplemented with L-tryptophan. After 3 days of growth, two types of colonies could be distinguished: those that conidiated vigorously (-95%), indicating that they were trpC+, and those that conidiated poorly, indicating that they were trpC- (38) . Eight putative trpC-segregants were selected, and their phenotypes were confirmed by replica plating on growth medium containing or lacking Ltryptophan. DNA was isolated from these strains, digested with EcoRI plus BamHI or with HindIII, and fractionated by gel electrophoresis, and gel blots were hybridized with either pBR322 DNA or the 3.0-kb EcoRI-BamHI SpoCl Cl-C fragment. None of the strains contained pBR322 DNA (data not shown). Figure 8 illustrates the two possible outcomes of removal of pBR322 and trpC sequences by intrachromosome recombination. DNA from three trpC-segregants yielded restriction patterns that were indistinguishable from those produced with DNA from strain FGSC 237 (data not shown). DNA from five trpC-segregants yielded the restriction patterns shown in Fig. 9 , indicating that they had lost the MOL. CELL. BIOL. wild-type copy of the SpoCl Cl-C gene and retained the copy from which the 0.9-kb HindIII fragment had been removed. The pattems produced by digestion of DNA with several additional restriction endonucleases were consistent with this interpretation of the results (data not shown).
DISCUSSION
The results presented in this paper demonstrate the feasibility of replacing preselected regions of the A. nidulans genome with novel DNA sequences. The first experimental approach we employed is analogous to one developed for use with S. cerevisiae by Rothstein (24) and involved treatment of protoplasts with purified, linear DNA fragments having homology with the target region and containing an Aspergillus gene to allow for selection of transformants. In our attempts to replace the null trpC801 allele with the functional trpCAB allele, we found that the desired gene replacement event had occurred in only 1 of 16 randomly selected transformants. Approximately 30% of the trpC+ strains examined were indistinguishable by DNA blot analysis from the trpC-strain that we used as the transformation recipient. These may have been produced by replacement of only the defective portion of the trpC801 allele, giving rise to a functional gene that retained the BamHI site. Alternatively, they may have been produced by reversion. However, revertants were not obtained in mock transformations, in which no DNA was added or in which linear pBR329 DNA was added to the protoplasts.
Another 30% of the transformants appeared to have arisen by integration of the trpCAB allele at the homologous chromosomal position, without concomitant eviction of the resident allele, thereby producing tandem duplications. It is possible that integration proceeded through a circular inter- mediate formed by ligation of the linear DNA fragment used to transform the cells. There is evidence that linear DNA molecules can be circularized by yeast cells (21, 30) . Regardless of the mechanism(s) leading to the formation of these duplications, their existence raises the possibility that they serve as precursors to the two other transformation classes described above, because unequal crossing over or intrachromosome recombination could eliminate one of the gene copies. However, if such events occur during somatic growth, they are not frequent enough to be detected by sector formation in standard centerpoint inoculation tests for genetic instability (unpublished data).
The remaining transformants from these experiments ap- (Fig. 1) . The sizes of molecular mass standards are given in kb. and may be of use in certain types of studies, for example, in investigations of the effects of chromosomal position on gene expression or of recombination between homologous sequences at different chromosomal locations.
In our attempts to disrupt the argB gene with the trpC gene, we found that most of the argB-trpC+ transformants appeared to have been produced by replacement of the target chromosomal region with the DNA fragment used for transformation. (25) , and which has been used frequently to replace genomic sequences in that organism (7, 29) . It involved integration of circular plasmid DNA at a region of chromosomal homology, leading to the formation of a duplication of the target region separated by plasmid DNA and the gene used for selection of transformants. Either intrachromosome recombination or unequal crossing over in transformants containing such duplications was expected to FIG. 9 . Blot analysis of DNA from a trpC-strain obtained by self-fertilization of a trpC+ strain (TClCA305-9) containing a tandem duplication of the SpoCl Cl-C region (Fig. 8) . DNA was isolated and digested with either EcoRI plus BamHI (E + B) or HindIII (H). Samples were fractionated in 0.8% agarose gels, and gel blots were hybridized with a 32P-labeled, 3.0-kb BamHI-EcoRI fragment containing the SpoCl Cl-C gene (Fig. 7A) . The sizes of molecular mass standards are given in kb. yield progeny in which one or the other copy of the duplicated region, the intervening plasmid sequences, and the selective marker had been eliminated. It is easy to obtain these segregants with A. nidulans because it is homothallic, and these types of recombination events appear to occur frequently (>1%) during meiosis in self-fertilized strains. Selection of progeny in the desired recombination class is facilitated by the ability to differentiate between auxotrophic and prototrophic strains by the morphology of colonies grown on nonselective medium. Although this two-step approach to gene replacement is more time consuming than the one-step approach, because the organism must be allowed to complete the sexual phase of its life cycle, taking 10 to 14 days, the results from this study indicate that it is highly reliable.
Recently, Yelton et al. (38a) described the construction of a cosmid vector for A. nidulans that allows for direct cloning of Aspergillus genes by complementation of mutations. The techniques described in this paper will permit rapid proof of the identity of new genes that are isolated by complementation of mutations by providing procedures for directed mutagenesis. They will also allow the convenient construction of Aspergillus strains in which preselected genes have been completely inactivated, for example, by removal of promoter regions. Such strains could allow examination of the effects on growth and development of mutations in genes that have been physically isolated but have unknown biological functions. This experimental strategy should be possible even with recessive lethal mutations because A. nidulans can be maintained as a diploid from which haploid segregants can be obtained. In addition, strains in which genes have been inactivated could serve as transformation recipients for the introduction of genetic regulatory elements that have been altered by in vitro mutation. The effects of such mutations on gene expression could then be examined in the normal cellular environment. We are currently using these approaches to investigate the molecular and genetic mechanisms controlling selective gene expression during development of the multicellular, asexual reproductive apparatus (conidiophore) of this organism.
